Abstract Glycinebetaine is one of the most competitive compounds which play an important role in salt stress in plants. In this study, the enhanced salt tolerance in soybean (Glycine max L.) by exogenous application of glycinebetaine was evaluated. To improve salt tolerance at the seedling stage, GB was applied in four different concentrations (0, 5, 25 and 50 mM) as a presowing seed treatment. Salinity stress in the form of a final concentration of 150 mM sodium chloride (NaCl) over a 15 day period drastically affected the plants as indicated by increased proline, MDA and Na + content of soybean plants. In contrast, supplementation with 50 mM GB improved growth of soybean plants under NaCl as evidenced by a decrease in proline, MDA and Na + content of soybean plants. Further analysis showed that treatments with GB, resulted in increasing of CAT and SOD activity of soybean seedlings in salt stress. We propose that the role of GB in increasing tolerance to salinity stress in soybean may result from either its antioxidant capacity by direct scavenging of H 2 O 2 or its role in activating CAT activity which is mandatory in scavenging H 2 O 2 .
Introduction
Environmental stresses, such as salt stress, induce the production of methylglyoxal (Yadav et al. 2005a, b) and Reactive Oxygen Species (ROS) (Hasegawa et al. 2000; Apel and Hirt 2004) in plant cells. ROS are highly reactive and toxic to plants, and via damage to proteins, lipids and carbohydrates and glycine, can lead to cell death (Noctor and Foyer 1998; Apel and Hirt 2004; Miransari and Smith 2009) . Methylglyoxal can react with and modify other molecules, such as DNA and proteins (Yadav et al. 2005b) .
To reciprocate environmental stress, plants store multiple groups of compatible solutes such as sugars,free amino acids like glycinebetaine, proline and polyols (Hoque et al. 2007 ). Betaine and proline are the most popular compatible solutes that contribute to osmotic adjustment (Rhodes and Hanson 1993; Hasegawa et al. 2000; Ashraf and Foolad 2007) , and stabilization and protection of proteins, enzymes and membranes from the damaging effects of salt stress (McNeil et al. 1999; Okuma et al. 2000; Ashraf and Foolad 2007) .
Glycinebetaine as one of the compatible solutes, plays an important role in salinity by osmotic adjustment in plants (Subbarao et al. 2001; Munns 2002; Ashraf and Harris 2004) , protecting the proteins (by maintaining the structure of enzymes such as Rubisco) (Bohnert and Jensen 1996) , protecting the membrane structure (Crowe et al. 1992) , protection of cytoplasm and chloroplasts from Na + damage (Rahman et al. 2002) , protection of photosynthetic mechanism (Sakamoto and Murata 2002) and by functioning as oxygen radical sweeper (Smirnoff and Cumbes 1989) . As the synthesis of GB is energetically expensive, the use of external glycine as an alternative source through genetic engineering has been adopted to improve the salt tolerance in plants (Mäkelä et al. 1996) . Exogenous use of GB with various environmental stresses, also improves growth, survival and abiotic stress tolerance of plants (Harinasut et al. 1996; DiazZorita et al. 2001) .
Exogenous betaine improves salt endurance by upregulating stress-preservative proteins (Khedr et al. 2003 ) and detracting oxidation of lipid membranes (Okuma et al. 2000; Demiral and Türkan 2004) .
Most studies with GB have focused on its physiological role and biosynthetic pathway, with little interest in its effect on antioxidative defense system. So, to our knowledge, to describe the effects of exogenous use of GB in relation to antioxidant content of soybean plants under salt stress are meagre.
With this object, we comparatively interrogated the function of the exogenous GB application on lipid peroxidation quantities, antioxidant enzyme activities and glycinebetaine agglomeration in leaves of soybean seedlings under salt stress. We report here that soybean plants take up GB and accumulate it in their leaves; leading to tolerance against oxidative damage caused by salt stress.
Materials and methods

Plant material
Seeds of 'soybean' (Glycine max L.), were disinfected in 1 % sodium hypochlorite solution (NaOCl) for 10 min to remove probable seed-borne microorganisms, washed for 1 min under running water then were dried for 30 min at room temperature.
One layer of soybean seeds was placed in covered crystal polystyrene boxes (10 cm×10 cm×4 cm) on double layers of filter paper wetted with 15 ml of 0 (control), 5, 25, and 50 mM GB (Sigma-Aldrich) solution. The boxes were kept at 20°C in the dark for 24 h. After GB application, seeds were washed for 1 min under running water and left to dry on paper towels for 24 h under room condition (20-22°C and 50-60 % RH).
The seeds were planted at a depth of 1.0 cm×5.0 cm-deep flat cells (75 cm 3 ) filled with growth medium containing of perlite and peat in the proportion of 1:3. The flats were watered regularly with tap water and kept in a growth chamber at 25 ± 1°C (day/night) under cool fluorescent lamps (100 μmol m −2 s −1
) for 16 h day −1 photoperiod.
When the seedlings were developed up to 4 leaved stage (42-45 days after planting), salt stress was imposed. Half of the seedlings were watered with distilled water containing 25 mM NaCl, and the NaCl concentration was increased up to a concentration of 150 mM with daily increments of 25 mM to avoid salinity shock, while the other half of the plants were continued to be watered with only distilled water. Salt stress lasted for 15 days, after which the plants were harvested for determining the effects of salt stress and GB treatments. The treatments were repeated three times with 12 plants in every replication and all treatments were classified in a randomized complete block design (RCBD).
Determination of proline and MDA contents MDA content was measured by the thiobarbituric acid method described by Zhang et al. (2005) . MDA content was estimated according to the following formula:
where A532, A600 and A450 represent the absorbance of the mixture at 532, 600, and 450 nm, respectively. Proline content was measured using the acid ninhydrin method described by Shan et al. (2007) . Proline content expressed as μg proline g −1 FW.
Determination of CAT, SOD,APX and LOX enzyme activity
The activity of SOD was estimated using the slightly modified method of Xu et al. (2008) . Fresh leaf samples (0.5 g) were quickly extracted in a pre-chilled mortar on an ice bath with 5 ml of ice-cold 100 mM phosphate buffer (pH 7.8) containing 1 mM EDTA and 5 % (w/v) PVP. After centrifugation at 10, 000×g for 30 min at 4°C, the supernatant was used for SOD (EC 1.15.1.1) analysis. One hundred μl of the enzyme extract was mixed with 2.465 ml of 100 mM phosphate buffer (pH 7.8), 75 μl of 55 mM methionine, 300 μl of 0.75 mM nitroblue tetrazolium (NBT) and 60 μl of 0.1 mM riboflavin in a test tube. The test tubes containing the reaction solution were irradiated under 2 fluorescent light tubes (40 μmol m −2 s −1 ) for 10 min. The absorbance measured at 560 nm with UV/ visible spectrophotometer (HACH, USA). Blanks and controls were run in the same manner, but without illumination and enzyme, respectively. One unit of SOD activity was defined as the amount of enzyme that would inhibit 50 % of NBT photo reduction.
Catalase activity was determined according to Beers and Sizer (1952) . Fresh samples (200 mg) were homogenized in 5 ml of 50 mM Tris-/NaOH buffer (pH 8.0) containing 0.5 mM EDTA, 2 % (w/v) PVP and 0.5 % (v/v) Triton X-100. The homogenate was centrifuged at 22,000×g for 10 min at 4°C and after dialysis supernatant was used for enzyme assay. Assay mixture in a total volume of 1.5 ml contained 1000 μl of 100 mM KH 2 PO 4 buffer (pH 7.0), 400 μl of 200 mM H 2 O 2 and 100 μl enzyme. The decomposition of H 2 O 2 was followed at 240 nm (extinction coefficient of 0.036 mM _1 cm
_1
) by a decrease in absorbance. Enzyme specific activity is expressed as mmol of H 2 O 2 oxidized min _1 (mg protein) _1 . About 200 mg plant samples were homogenized in 5 ml of 50 mM K-phosphate buffer (pH 7.8) containing 1 % PVP, 1 mM ascorbic acid and 1 mM PMSF as described by Moran et al. (1994) . After centrifugation at 22 000_g for 10 min at 4 8C, the supernatant was dialyzed against the same extraction buffer and it served as enzyme. Ascorbate peroxidase was assayed according to Nakano and Asada (1981) Reaction mixture in a total volume of 1 ml contained 50 mM K-phosphate buffer (pH 7.0), 0.2 mM ascorbic acid, 0.2 mM EDTA, 20 mM H 2 O 2 and enzyme. H 2 O 2 was the last component to be added and the decrease in absorbance was recorded at 290 nm (extinction coefficient of 2.8 mM _1 cm _1 ) using a UV-vis spectrophotometer (HACH, USA) at 30 s intervals up to 7 min. Correction was made for the low, non enzymic oxidation of ascorbic acid by H 2 O 2 . The specific activity of enzyme is expressed as mmol ascorbate oxidized (min _1 (mg protein) -1 ). LOX activity was assayed using the method of Todd et al. (1990) . The standard assay mixture contained 200 μl of Tween 20 and 40 μl of linoleic acid (Aldrich) in 40 ml of 0.1 mol L −1 sodium phosphate buffer (pH 7). To 1 ml of standard assay mixture in a cuvette, 0.2 ml of LOX extract was added. One unit of LOX activity was defined as the amount of enzyme that caused an increase in absorption at 234 nm of 0.01 min −1 at 25°C with linoleic acid as substrate.
H 2 O 2 analyses
For H 2 O 2 determination, 2 g of frozen tissue was homogenized with 5 ml of chilled pure acetone and centrifuged at 10 000×g for 20 min at 4°C. The supernatant was collected for H 2 O 2 analysis by a method based on titanium oxidation (Patterson et al. 1984 Determination of Na + and K + contents Na + and K + in leaves and roots were determined by the methods described by Allen et al. (1986) . Before determining Na+and K+ contents of soybean seedlings, dried shoots of all plants from each replicate were ground together. Na + and K + contents were determined by atomic absorption spectrophotometry (HACH, USA) after wet digestion of dried tissues in a 3:1 ratio of nitric: perchloric acid mixture.
Determination of glycinebetaine
The method described by Grieve and Grattan (1983) was employed to determine GB in the leaf tissues. The optical density of the organic layer was measured at 365 nm using a spectrophotometer (HACH, USA). Leaf glycinebetaine was determined following Grieve and Grattan (1983) . Leaf glycinebetaine was extracted from the dry leaf material with warm distilled water (70°C). The extract (0.25 ml) was mixed with 0.25 ml of 2 N HCl and 0.2 ml of potassium triiodide solution. The contents were shaken and cooled in an ice bath for 90 min. Then 2.0 ml of ice cooled distilled water and 20 ml of 1,2-dichloromethane (cooled at −10°C) were added to the mixture. The two layers were formed in the mixture. The upper aqueous layer was discarded and optical density of the organic layer was measured at 365 nm. The concentrations of glycinebetaine were calculated on fresh weight basis.
Statistical analysis
The experiments were repeated three times, and 5 soybean seedling from each treatment were taken at each sampling. Experimental results are given as means±standard error (SE) of three replicate measurements. Analysis of variance and the Duncan multiple range test were performed by a statistical product and service solutions (SPSS) program.
Results
Salt stress markedly suppressed the shoot and root lengths of soybean plants. Plants subjected to salt stress were half of the size than those are grown under control conditions. Presowing seed treatment with increasing concentrations of GB positively affected plant growth.
Lipid peroxidation
Lipid peroxidation levels in the leaves of soybean plants determined as the content of MDA given in Table 1 . Application of exogenous GB to seeds reduced lipid peroxidation (MDA content) in soybean plants exposed to salt stress and the highest reduction in MDA content was observed in 50 mM GB treated plants (Table 1) . MDA contents of seedlings not to be exposed to salinity stress, was not affected by exogenous GB applications compared to the control plant. In leaves of soybean plants growing under normal conditions, a considerable increase in lipid peroxidation level occurred after 7 days.
Proline content
Proline concentration in the leaves of soybean seedlings increased significantly (20 to 94) in response to salt stress (Table 1) . Although seed application of GB did not result in any significant increase in proline content of seedlings grown under control conditions, GB pre-treatment caused up to 4 fold increase in proline content of seedlings exposed to salt stress.
Antioxidant enzymes
Plant antioxidant defense system consists of antioxidant enzymes and non-enzymatic antioxidants. As shown in Fig. 1 , NaCl stress caused a significant increase in CAT activity in soybean seedlings. In addition to, pre-sowing seed treatment with increasing concentrations of GB increased CAT enzyme activity under saline conditions (Fig. 1) . Seedlings obtained from 25 mM and 50 mM GB treatments exhibited higher enzyme activity than those obtained from non-GB-treated seeds. Under control conditions (0 mM NaCl), however, pretreatment with increasing concentrations of GB caused only a slight increase in the CAT enzyme activity. Fig. 1 Effect of pre-sowing seed treatment with GB on CAT, SOD and APX activity of soybean plant under optimum (0 mM NaCl) and salt stress (150 mM NaCl) conditions. Vertical bars represent mean±SE NaCl stress caused a significant increase in SOD activity in soybean seedlings as shown in Fig. 2 . Also, pre-sowing seed treatment with increasing concentrations of GB increased SOD enzyme activity under saline conditions (Fig. 2) .
Under control conditions (0 mM NaCl), pre-treatment with increasing concentrations of GB caused only a slight increase in the SOD enzyme activity.
As shown in Fig. 1 , the activities of APX increased under salt stress conditions in soybean. Exogenous application of GB increased APX activity significantly compared with control seedlings. In non-stressed seedling, exogenous GB, increased APX activity too.
The H 2 O 2 content was measured and used as indicators of ROS level. The results (Fig. 2) showed that salt stress caused significant increases in H 2 O 2 content. Salt stress further increased the H 2 O 2 level reaching 245.45 % of the control plant. However, under salt stress, GB pretreatment significantly reduced ROS level.
H 2 O 2 content in GB pretreated leaves exposed to salt stress (salt+GB) was increased by 209, 163.6 and 127.2 % in concentration of 5, 25 and 50 mM of GB respectively compared with the control group. The results suggested that exogenous GB application protected soybean leaves from oxidative damage under salt stress.
Na
+ and K + concentration Na + accumulation in the leaves of soybean increased by 7 fold when the plants were exposed to salt stress (Table 1) . Presowing seed treatment with exogenous concentration of GB, positively affected on reduction of Na + contents in seedlings and seedlings pre-treated with 50 mM GB before sowing had the lowest Na + contents. Exogenous GB at 25 mM reduced the Na + content when compared with non-GB treatment under salinity conditions. Salt stress reduced K+ content in soybean plants. K + accumulation in the leaves decreased by 495 to 435 when the plants were exposed salt stress (Table 1) . Pre-sowing seed treatment with exogenous GB has not effect K + contents of soybean seedlings. However, leaf K + content was not increased by GB applications (Table 1) . Na + /K + ratio was considerably reduced by exogenous GB treatments in salt-stressed plants (Table 1) . 
Effect of exogenous GB on endogenous GB contents
Endogenous glycinebetaine content was enhanced in both salt-treated and non-treated soybean plants with enhance the concentration of exogenously applied glycinebetaine (Fig. 2) .
Discussion
In the present study, a marked decline in growth and yield of soybean plant due to salt stress was observed. These findings are parallel to what has been earlier reported for soybean plant (Xing et al. 2007; Miransari and Smith 2009 ). However, exogenous application of GB had a marked effect in improving soybean plant growth under salt stress condition. These findings regarding the influence of glycinebetaine are parallel to some previous studies in which it was shown that exogenous glycinebetaine counteracts growth inhibition induced by salt stress in various crop plants, e.g., cotton (Naidu 1998) , rice (Rahman et al. 2002) , maize (Nawaz and Ashraf 2007) , and wheat (Raza et al. 2007; Mahmood et al. 2009 ).
Many plants accumulate proline and betaine in response to salt stress, and increased levels of proline and betaine accumulated in plant cells correlate with enhanced stress tolerance (Munns 2002; Chen and Murata 2008; Malekzadeh et al. 2014) . Known about the protective mechanisms of proline and betaine against salt stress is very little.
In addition to osmoprotectant role, GB may also have an antioxidant role in protecting plants from salt-induced oxidative damages. Under saline conditions, exogenous GB mitigates the inhibition of growth of plant cells. GB as an efficient antioxidant system often correlates with the alleviation of oxidative damage and improved tolerance to salt stress (Shalata and Tal 1998; Hasegawa et al. 2000; Shalata et al. 2001; Xing et al. 2007; Malekzadeh et al. 2012) . Plants employ both enzymatic and non-enzymatic antioxidant defense systems against oxidative damage of ROS. Pre-sowing seed by GB treatment significantly (P≤0. 05) declined the aggregation of leaf Na + content, because of the application of 50 mM GB in low saline conditions, Na + condensation slightly reduced. Endogenous leaf glycinebetaine level increased in both salttreated and non-treated soybean plants with increment in the concentration of exogenously applied GB (Fig. 2) . Raza et al. (2007) have shown a similar endogenous GB accumulation in salt-treated wheat plants supplied with exogenous GB.
Previous studies have indicated that both LOX in plants play an important role in phospholipid catabolism by initiating a lipolytic cascade in membrane deterioration during stress (Bargmann et al. 2009 ). LOX plays a primary role in generating peroxidative damage in membrane lipids in plants. Lower LOX activity was shown to be related to chilling tolerance of plants as LOX could enhance the level of lipid unsaturation and enhance membrane fluidity (Lee et al. 2005) .
If parallels are drawn between leaf osmotic potential and each of GB, proline, leaf Na + and leaf K + , it is clear that K + and GB contributed more to osmoregulatory process (Table 1) . It is well established that salt tolerance is commenly characterized to enhanced Na + exclusion and increased absorption of K + to maintain optimum K + /Na + ratio in shoots (Gorham et al. 1990 ). As Ashraf and Harris (2004) assumed, K + /Na + ratio might be valid selection criteria for assessing the salinity resistance of different species of plants.
Accordingly, keeping and acquisition of K + content are major determinants of resistance to salinity. In the present study, concentration of Na + content in the roots and shoots of soybean plants significantly increased because of the salt stress, while K + content decreased. Moreover, application of exogenous GB declined the accumulation of Na + content accompanied by an enhanced accumulation of K + content, which would lead to an increased K + /Na + ratio of soybean plants under the salt stress (Table 1) . However, the mechanism by which GB accomplish this decline in Na + and enhanced K + accumulation needs further research. A few of the possible explanation could be (1) Biological membranes of plants use transporters for absorption of K + from the growth medium (Chaum and Kirdmanee 2010), which play major role in maintaining cellular K + /Na + ratios (Farooq et al. 2008) . Glycinebetaine retains totality of cell membranes for appropriate action of enzymes and proteins under diverse environmental stress (Raza et al. 2007 ). (2) Analogously, Mahmood (2009) proposed that GB protects diverse transporters for natural functioning under drought stress. From this, it can be offered that glycinebetaine has actually a protective consequence in discriminating Na + versus K + under saline conditions. (3) The other possible duty of GB is that, it could increase the vacuolar output in the roots of salt stressed plants for accumulation of more Na + , as has earlier been noticed in rice (Rahman et al. 2002) . Thus, these vacuoles act as reservoirs of Na + in roots resulting in decreased Na + transition to shoots (Table 1 ). In conclusion, glycinebetaine at physiological concentrations has a direct role in supporting enzymes involved in protecting systems which participate in reducing salt stress. Exogenous glycinebetaine may improve salt tolerance in soybean plants via enhancing enzyme activity. According to the conclusions, it is suggested that the antioxidant protection activity of glycinebetaine against salt stress is powerful.
